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Abstract: Blood-brain barrier (BBB) dysfunction is related to the development of neuroin-
flammation in the central nervous system (CNS). Neuroinflammation has been implicated as
one of the key factors in the pathogenesis of neurodegenerative diseases such as Alzheimer’s
disease, Huntington’s disease, and Parkinson’s disease. Despite its importance, the impacts and
underlying cellular mechanisms of chronic BBB impairment in neurodegenerative diseases are
poorly understood. In this work, we performed a longitudinal intravital brain imaging of mouse
model with neuroinflammation induced by 3-nitropropionic acid (3-NP). For this, we obtained
a transgenic LysM-GFP mouse expressing the green fluorescence protein (GFP) in a subset
of leukocytes. By using intravenously injected fluorescence blood tracers, we longitudinally
observed in vivo dynamic cellular behaviors and the BBB integrity through a 30-day neuroinflam-
matory state. Vascular leakages in the cerebral cortex reflecting BBB impairment were observed
at two weeks, which persisted to the third week, followed by a severe inflammatory response
with massive leukocytes infiltration at day 30. These descriptions can help in the development of
novel approaches to treat neurodegenerative conditions.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Neuroinflammation could be induced by infection or other pathological onsets; the blood-
brain barrier (BBB) breakdown and subsequent infiltration of peripheral immune cells into the
brain parenchyma were observed [1]. There is increasing evidence that neuroinflammation is
one of the key pathophysiological drivers in the development of neurodegenerative diseases
including Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, multiple sclerosis,
and amyotrophic lateral sclerosis [2]. In neuroinflammation, it has been suggested that various
inflammatory mediators and activated immune cells could directly or indirectly trigger neuronal
degeneration through glia cell activation, BBB dysfunction, and demyelination by interrupting
nervous homeostasis [3]. For example, T and B cells were activated and localized in the brain
parenchyma in multiple sclerosis patients [4]. In an Alzheimer’s disease mouse model, LFA-1
integrin produced under the influence of the Aβ42 peptide has a role in neutrophil adhesion
to the vascular wall and increased extravasation in areas of amyloid deposits [5]. Microglia,
the resident macrophages in the central nervous system, have an important role in maintaining
neuronal homeostasis by surveillance and synaptic remodeling in healthy conditions. However,
pathological triggers and aggravators for microglia activation could lead to chronic inflammation
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and result in neurodegenerative disease [6]. Additionally, functional integrity of brain vessels
has been implicated with various neurodegenerative diseases and cognitive disorders. Recent
studies reported that a large proportion of dementia patients might have cerebrovascular lesions,
but physiological relation of cerebrovascular dysfunction and neurodegenerative disease at the
onset of neuroinflammation is unclear yet [7]. Recently, increasing evidence has suggested
that neurovascular dysfunction and disruption of the BBB in neuroinflammatory responses may
precede, accelerate, or contribute to neurodegenerative diseases [8,9]. However, the association
between vascular alteration and the onset of neuroinflammation has not been well understood in
regard to when they are affected and how they respond to pathologic stimulus.
The neuroinflammatory response in neurodegenerative diseases has been investigated using

various preclinical animal models [10–12]. There are two types of models: a genetically-modified
animal model and a chemically-induced animal model. Commonly used genetically-modified
mouse models include APP/PS1 [13] and 5XFAD [14] for Alzheimer’s disease, α-synuclein
model [15] for Parkinson’s disease, and R6/2 mouse model [16] for Huntington’s disease, which
have been widely used to investigate various pathological features such as impaired cognitive
behaviors. Unfortunately, the genetically-modified models require quite a long time to manifest
disease-specific symptoms from the birth; it ranges from several months to one year. Thus, it
is difficult to investigate the brain at the exact moment when the neuroinflammatory response
is triggered and subsequently dissect cellular-level changes with vascular abnormalities over
time. In comparison, the chemically-induced animal models have several advantages over the
genetically-modified model; the time of onset of neuroinflammation can be controlled, and the
disease-specific symptoms manifest at much earlier time-point.
In this work, we used a chemical-induced chronic neuroinflammation mouse model using

3-Nitropropionic acid (3-NP), a neurotoxin, which induces memory/cognition dysfunction with
increased oxidative stress [12,17,18]. Using a custom-built intravital laser-scanning confocal
microscope system [19–24], we achieved a longitudinal visualization of the cellular-level dynamic
responses such as leukocyte infiltration and vascular alteration in the brain parenchyma from
the onset of neuroinflammation by 3-NP injection up to 30 days. With the longitudinal imaging,
we successfully observed vascular leakages at the capillary level in the cerebral cortex at 2 to 3
weeks, which later triggered a massive leukocyte infiltration into the cortex parenchyma at the
same sites at 30 days.

2. Materials and methods

2.1. Animal model

All animal experiments were performed in accordance with the standard guidelines for the care
and use of laboratory animals and were approved by the Institutional Animal Care and Use
Committee (IACUC) of KAIST (approval No. KA2017-03). Mice were housed and bred in an
institutional animal facility in Korea Advanced Institute of Science and Technology (KAIST).
All mice were individually housed in ventilated and temperature & humidity-controlled cages
(22.5 °C, 52.5%) under 12-12 hours light-dark cycle and provided with standard diet and water
ad libitum. For experimental use, 8–12 weeks old male mice (20∼30 g) were utilized in this
study. Tie2-GFP mice (Stock No. 003658, Jackson Laboratory) where GFP (Green Fluorescence
Protein) is expressed under endothelium-specific Tie2 promotor were purchased from the Jackson
Laboratory. LysM-GFP mouse [25] expressing GFP in most myelomonocytic cells including
neutrophil and macrophage was generously provided by Prof. M. Kim (University of Rochester,
USA). A neuroinflammation was induced in mouse model by intraperitoneal injection of 3-NP
(20mg/kg; Sigma Aldrich, N5636), which induced a sustained neuroinflammatory response in
the brain [12,17,18].
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2.2. Intravital imaging system

Custom-built video-rate laser-scanning confocal microscope system previously implemented
[19–24] was used as an imaging system to visualize neuroinflammatory response the brain of live
mice in vivo (Fig. 1(a)). Four continuous-wave laser modules with output wavelengths at 405 nm
(OBIS 405, Coherent), 488 nm (MLD488, Cobolt), 561 nm (Jive, Cobolt) and 640 nm (MLD640,
Cobolt) were used. A video-rate 2-dimensional laser-scanning at 30Hz was achieved by using a
rotating polygonal mirror (MC-5, aluminum coated, Lincoln Laser) for fast-axis scanning and
a galvanometer scanner (6230H, Cambridge Technology) for slow-axis scanning. Multi-color
fluorescence signals were simultaneously detected by four photomultiplier tubes (PMT; R9110,
Hamamatsu) through bandpass filters (FF01-442/46, FF02-525/50, FF01-600/37, FF01-685/40,
Semrock). The output signal of PMTs were digitally acquired by using a frame grabber (Solios,
Matrox) and a custom-written image acquisition software based on the Matrox Imaging Library
(MIL9, Matrox) for the real-time image display and recording.

2.3. Imaging window preparation

Thinned skull cranial window technique [26] or chronic cranial imaging windowmethod [27] were
utilized for intravital imaging of neuroinflammatory process in mice brain in vivo (Figs. 1(b)–1(c)).
All windows were implemented on the middle of parietal bone covering somatosensory cortex or
posterior parietal association area. To implement thinned skull cranial window [26], cranial bone
of mouse anesthetized by intraperitoneal injection of Zoletile (20 mg/kg) and Xylazine (10 mg/kg)
mixture was surgically exposed by skin incision and subsequent removal of thin translucent
connective tissue covering the cranial bone. Small area of the exposed cranial bone (typically 2-3
mm in diameter) was gradually ground by using a high-speed dental drill (Strong 207A, Saeshin)
under dissecting microscope. During the grinding process, saline was continuously applied to
prevent excessive heating of the bone and potential damage to the underlying brain tissue. The
final thickness of the cranial bone after grinding was approximately 20 µm, which allow clear
observation of the underlying brain pial vessels (Fig. 1(b)). In addition, a circular-shaped cover
glass with diameter of 3 mm (64-0726, Warner Instruments) was attached over the thinned skull
by using cyanoacrylate glue. After the surgical procedure, mice were placed in cage to allow full
recovery and observed for at least 1 week before being used in imaging experiment. To prepare
the chronic cranial imaging window [27], after the surgical exposure of cranial bone by skin
incision and connective tissue removal, brain was exposed by making a circular-shaped hole in
the cranial bone (typically 3 mm in diameter) with the dental drill under dissecting microscope.
Cover glass was attached to the cranial bone to cover the exposed brain by using a fast-curing
adhesive (Loctite 401. Henkel). To protect the incision area, dental acrylic resin was used to
cover the area except the cover glass. After the surgical procedure, mice were fully recovered
for 4 weeks, and mice with clear view of brain through the imaging window like photos in
Figs. 1(b)–1(c) were selected and used for intravital imaging.

2.4. Intravital imaging of brain

Mice were anesthetized by intraperitoneal injection of Zoletile (20 mg/kg) and Xylazine (10
mg/kg) mixture and mounted on a stereotaxic plate (US-R-10, Live Cell Instrument) with heating
function to maintain the body temperature at 36.5 °C during intravital imaging. To visualize
CD45+ leukocytes with fluorescent labeling, 25 µg of anti-CD45 antibody (BD bioscience,
553076) conjugated with Alexa Fluor 647 (Invitrogen, A20006) was intravenously injected
at 24 hours before imaging. Similarly, to visualize brain vasculature, endothelial cells were
labeled at 24 hours before imaging by intravenously injecting 80 µg of DyLight 649 labelled
tomato lectin (Vector Laboratories, DL-1178). Otherwise, blood vessel lumen was visualized by
intravenously injecting 35-45 µl of Evans blue (2% wt./vol., Sigma Aldrich, E2129) or 100 µl
of Tetramethylrhodamine isothiocyanate-Dextran (TRITC-dextran; 5 mg/ml in saline; Sigma
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Aldrich, T1287) right before imaging. Apoptotic cells were labeled at 2 hours before imaging
by intravenously injecting 5 µg of Annexin V (BD bioscience, 556416) conjugated with Alexa
555 (Invitrogen, A20009). For longitudinal cellular-level visualization of neuroinflammatory
response, repetitive intravital imaging was performed at same locations in the thinned skull or
cranial window for 1-4 weeks. Time lapse movies were acquired at randomly selected multiple
locations for 10 minutes.

2.5. Imaging analysis

To analyze leukocyte infiltration and brain vessel alteration, z-stack images for 4 weeks were
reconstructed into 3-dimensional images by using a commercial image processing software,
IMARIS (Bitplane). Average velocity of LysM+ cells in the time-lapse videos were quantified
by using track analysis of IMARIS. The number and distribution of infiltrated LysM+ cells and
apoptotic cells were measured by 3-dimensional reconstruction and spot analysis of IMARIS.
For statistical analysis, all quantification data were statistically analyzed by t-test, and statistical
significance was set at p<0.05.

3. Results

3.1. Longitudinal repetitive intravital imaging of the neuroinflammation mouse model
induced by 3-NP

The neuroinflammation mouse model was induced by intraperitoneal injection of 3-NP (20mg/kg)
into a Tie2-GFP mouse expressing GFP in endothelial cells. In the control mouse, a small number
of CD45+ leukocytes were observed in the parenchymal area of the brain meninges. In contrast,
in the 3-NP injected mouse, a significantly increased the number of CD45+ leukocytes attached
to the blood vessels or infiltrated into the parenchyma of the brain meninges were observed at
7 days after the 3-NP injection, suggesting active recruitment of leukocytes induced by 3-NP
(Figs. 1(d)–1(e)).

To further investigate the sustained dynamic cellular-level neuroinflammatory response in the
brain, we performed a longitudinal intravital imaging of a 3-NP injected LysM-GFP mouse [25]
expressing GFP in neutrophils and in subsets of macrophages and monocytes. By using the
thinned skull cranial window method [26], we successfully achieved a repetitive visualization of
the same brain area from day 1 to day 10 with a 3-day interval after the 3-NP injection (Fig. 2).
In the control mouse, only a small number of LysM+ cells were observed. The number and
distribution of the LysM+ cells remained almost similar during the repetitive imaging over 10
days, and there were no observable changes in the brain blood vessels visualized by intravenously
injected TRITC-dextran (Fig. 2(a)–2(b)). In the 3-NP injected mouse, at day 1, numerous LysM+
cells were observed infiltrated into the brain presumably actively recruited through the circulation
(Fig. 2(a)). Most of the LysM+ cells were located in the perivascular area with a relatively
uniform distribution pattern over the imaged brain area. Interestingly, at day 4, a highly dynamic
rearrangement was observed in the distribution pattern of the infiltrated LysM+ cells (Figs. 2(a),
2(c), 2(d)). Depending on the observed sites, both the sustained accumulation of infiltrated
LysM+ cells until day 10 (Fig. 2(c)) and the disappearance of the initially infiltrated LysM+ cells
from day 4 (Fig. 2(d)) were observed. The increased number of infiltrated LysM+ cells in the
brain of 3-NP injected mice compared to the control mice was maintained at a similar level from
day 1 to day 10, suggesting persistent neuroinflammation (Fig. 2(e)). In contrast, the number of
LysM+ cells in the peripheral tissue, ear skin, or abdominal organ, liver of the 3-NP injected
mice compared to the control mice were not increased at day 10 (Figs. 2(f)–2(g)).
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Fig. 1. (a) Schematic of custom-built video-rate laser-scanning confocal microscopy system
(ND, neutral density filter; DBS, dichroic beam splitter; BPF, band pass filter; M, mirror;
PMT, photomultiplier tube; OBJ, objective lens). (b-c) Photo and schematic of (b) thinned
skull window and (c) chronic cranial window for intravital imaging of the brain. (d)
Representative mosaic images obtained through the thinned skull of the Tie2-GFP mice in
vivo; saline-injected control group and 3-NP injected group (green, Tie2-GFP expressed in
vascular endothelial cells; red, leukocytes labelled by anti-CD45 antibody conjugated with
Alexa 647). (e) Ratio of CD45+ cell occupied area over total imaged area in the control
group (n= 4 field of views from 4 mice) and 3-NP group (n= 4 field of views from 4 mice).
Scale bars= 500 µm.
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Fig. 2. (a) Representative longitudinal mosaic images obtained through the chronic cranial
window implanted in the LysM-GFP mice in vivo for 10 days; saline-injected control group
(n=3) and 3-NP injected group (n=3) (green, LysM+ cell; red, blood vessel labelled by
TRITC-dextran). (b) Magnified longitudinal images of the control group marked by a
solid-line square in (a). (c-d) Magnified longitudinal images of the 3-NP group showing
a dynamic redistribution of LysM+ cells; (c) sustained accumulation marked by a solid
square in (a), (d) disappearance marked by a dotted square in (a). (e-f) Increased area of
LysM+ cells in the brain of the control group and 3-NP injected group quantified from the
longitudinal mosaic images (n= 3 field of views from 3 mice). (f-g) Comparison of LysM+
cells in non-CNS tissues, ear skin and liver, in the control group and 3-NP injected group;
(f) area of LysM+ cells, (g) mosaic images. Scale bars= (a, g) 500 µm, (b-d) 100 µm.

3.2. Intravital imaging of cellular-level dynamic behaviors of LysM+ cells

To observe the cellular-level dynamics of LysM+ cells in the brain meningeal vessels and
parenchyma in the persistent neuroinflammatory condition, we performed time-lapse imaging in
the brain of 3-NP injected LysM-GFP mice through the thinned skull at day 10 after the injection
of 3-NP (Visualization 1). The obtained time-lapse movie showed a crawling behavior of the
LysM+ cells inside the blood vessel walls whose tracks were marked by dotted lines (Figs. 3(a),
3(b), arrowhead). Additionally, turning and meandering behaviors of the LysM+ cells in the brain
parenchyma were observed, and their tracks were marked by solid lines (Fig. 3(a), 3(c), arrow).
While we can observe a greatly increased number of LysM+ cells in the brain of the 3-NP injected
mice shown in Fig. 2, the average velocity of the crawling LysM+ cells observed in the brain
blood vessels and the meandering LysM+ cells in the brain parenchyma showed no difference
between the control and 3-NP injected group at day 10 in a persistent neuroinflammation state
(Figs. 3(d)–3(e)).

https://doi.org/10.6084/m9.figshare.12029793
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Fig. 3. (a) Time-lapse images obtained from the brain of the LysM-GFP mouse in vivo
at 10 days after the 3-NP injection (green, LysM-GFP+ ; red, blood vessel labelled by
TRITC-dextran). LysM+ cells showed an intravascular crawling behavior (arrowhead) and a
meandering behavior (arrow) in the parenchyma. (b) Serial images showing the crawling
behavior of the LysM+ cells along the blood vessel walls. (c) Serial images showing the
meandering behavior of the LysM+ cells infiltrated into the parenchyma. (d) Average velocity
of the crawling LysM+ cells in the blood vessels (n= 4 field of views from 2 mice). (e)
Average velocity of the meandering LysM+ cells in the parenchyma (n= 4 field of views
from 2 mice). Scale bars= (a) 250 µm, (b, c) 100 µm.
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3.3. Longitudinal visualization of LysM+ cell infiltration and vascular leakage in the
cerebral cortex

To observe longitudinal changes in LysM+ cell infiltration and vascular integrity of the blood-brain
barrier (BBB) in the cerebral cortex as distinct from the meninges, we performed a longitudinal
repetitive z-stack imaging of the brain of 3-NP injected LysM-GFP mice until 30 days through
the implanted chronic cranial imaging window [27]. Because the interface between the pia mater,
the innermost layer of the meninges, and the brain cerebral cortex was reported to be located
at 15-20 µm from the pial surface in a previous study [28], we focused on imaging the same
cerebral cortex area more than 20 µm below the pial surface in a single LysM-GFP mouse by
repetitive longitudinal imaging until 30 days after the induction of 3-NP (Fig. 4).

Fig. 4. (a-b) Representative longitudinal z-stack images obtained at the same sites of the
brain through a chronic cranial window implanted in LysM-GFP mice in vivo for 30 days
(green, LysM+ cell; red, blood vessel and vascular leakage labelled by Evans Blue); (a)
saline-injected control group (n=2), (b) 3-NP injected group (n=2). (c) 3D rendered image
and XY/XZ view image of vascular leakage in the cerebral cortex (arrowhead) reconstructed
with the z-stack imaging data obtained at day 21. (d) Repeated observations of the same
site in the cerebral cortex with vascular leakage at day 14 and day 21. Small round shaped
fluorescent objects (arrowhead) were observed at day 21. Scale bars= (a, b, d) 100 µm, (c)
50 µm.

To visualize vascular leakage indicating a compromised BBB integrity, a far-red fluorophore,
Evans blue, was intravenously injected at 30 minutes before every repeated imaging, which has
been widely used to visualize blood vessels and monitor the vascular permeability in vivo by
several optical imaging modalities with its albumin-binding property [29–33]. In the control
mouse, no identifiable changes in the vasculature both in morphology and permeability were
observed up to 30 days in the entire volume of the cerebral cortex with repetitive imaging through
the cranial window (Fig. 4(a)). In the 3-NP injected mouse, at day 7, no vascular leakage was
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observed (Fig. 4(b)). However, at day 14, an increased fluorescence signal indicating vascular
leakage was observed in the parenchyma of the cerebral cortex at a 60 µm depth (Fig. 4(b),
arrow). Interestingly, the vascular leakage was confined to a small volume of the cerebral cortex
while blood vessels in other area showed no sign of leakage or morphological changes. At day
21, the vascular leakage was observed at the same area in the cerebral cortex (Figs. 4(b), 4(c),
arrowhead), suggesting a persistent compromised BBB integrity. In addition, several small
round-shaped fluorescent objects were observed, which were not observed at day 14 when the
vascular leakage first observed (Fig. 4(d), arrowhead). They could be infiltrated leukocytes or
debris of dead cells labelled by the uptake of leaked Evans blue, suggesting the initiation of the
neuroinflammatory response. Finally, at day 30, numerous LysM+ cells were observed that had
infiltrated to the same area. Additionally, a large number of accumulated objects labelled by the
leaked Evan Blue were observed, which were mostly leukocytes recruited to the area through the
breached BBB between day 21 and day 30.
To assess the chronic cytotoxic effect accompanied with the altered vascular integrity by the

3-NP injection, cellular apoptosis and blood vessels in the brain were visualized at day 30 by
intravenously injected Annexin V and lectin, respectively (Fig. 5(a)). In the 3-NP injected group,
the number of Annexin V+ apoptotic bodies were greatly increased in comparison with the control
group in which far fewer numbers of Annexin V+ bodies were observed, mostly at the superficial
area (Figs. 5(a)–5(b)). Interestingly, in the cerebral cortex below the 20 µm depth, apoptotic
bodies were rarely observed in the control group while many apoptotic bodies were observed in
the 3-NP injected group occupying 29% of all observed apoptotic bodies. (Figure 5(c)).

Fig. 5. (a) Z-stack images of the brain obtained at 30 days after saline (control) or 3-NP
injection (cyan, lectin conjugated with DyLight 649 labeling blood vessel; Magenta, Annexin
V conjugated with Alexa Fluor 555 labeling apoptotic body). (b) Number of Annexin
V+ apoptotic bodies observed in the control group and 3-NP injected group. (c) Ratio of
Annexin V+ apoptotic bodies observed in the superficial area (surface–15 µm) and cerebral
cortex (under 15 µm) of the control group and 3-NP injected group. Scale bars= 100 µm
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4. Discussion

3-NP, isolated from plants, can irreversibly inhibit the function of succinate dehydrogenase,
which participates in the Krebs cycle occurring in mitochondria, affecting the energy metabolism
of neurons and consequently leading to neuronal death. In addition, activation of caspases
with the overproduction of reactive oxygen species (ROS) and nitric oxide (NO) has been
attributed to neuronal death by 3-NP [34]. Previous studies have reported that 3-NP, known as
a mitochondrial toxin, could effectively cause behavioral changes and brain damage in animal
models, mimicking clinical manifestations of Huntington’s disease [17,34]. In addition, some
reports have investigated that systemic injection of 3-NP showed silver-impregnated neurons
in cortex, striatum, hippocampus and amygdala [35,36], but these neuronal damages and
degeneration by 3-NP have been mostly analyzed by histological analysis focusing on the striatum
in the subcortical basal ganglia of the brain associated with Huntington’s disease. Pathologic
changes in the cerebral cortex by 3-NP have been remained mostly unexplored and intravital
imaging study has not been performed. We utilized custom-built intravital confocal microscopy
system with cranial window technique to longitudinally and repetitively visualize same cerebral
cortex volume from the very onset of neuroinflammation by 3-NP up to 30 days and identify the
association between BBB leakage and leukocyte infiltration.

In this study, with a chronic cranial window, we successfully performed a repetitive intravital
microscopic imaging of the same area in the cerebral cortex and BBB integrity monitoring with
Evans blue. Notably, the longitudinal observation clearly revealed that, in the cerebral cortex,
3-NP could induce the disruption of the BBB function shown by the vascular leakage of Evans
blue at 2 weeks after injection, which subsequently led to the infiltration of leukocytes including
LysM+ cells to the same site. These data show that leukocyte infiltration into cerebral cortex
might be essentially associated with the functional deterioration of the BBB in brain vessels. In
the more superficial area, the meninges, we observed an immediate neuroinflammatory response
manifested by a greatly increased number of infiltrated LysM+ cell after 3-NP injection in 1 day,
which persisted until 10 days with the dynamic cellular behaviors of the infiltrated LysM+ cells.
It has been reported that the meninges contains numerous immune cells including macrophages,
dendritic cells, and lymphocytes, having a role as the first immune defense against injections
and neurotoxins [37]. Thus, it could be the result of the reaction of the meninges as a barrier
in response to the onset of neuroinflammation induced by 3-NP in the central nervous system
(CNS).

Previous in vivo imaging studies using brain disease model have shown that various pathological
response could be detected by positron emission tomography but not in cellular resolution [38,39].
In the last decade, intravital confocal microscopy system and multi-photon laser scanning
microscopy system in combination with surgical techniques have been developed to visualize
cellular-level responses in brain disease model with improved field of view as well as imaging
quality [40]. To note, previous studies have reported that vascular leakage was related with
leukocyte infiltration in skin [41] and tumor [42], and endothelial junction molecules have a role in
leukocyte extravasation and vascular permeability [43]. However, a longitudinal high-resolution
observation of degradation of BBB function such as vascular leakage and leukocyte infiltration
has not been achieved. Our results showed that the sustained neuroinflammation by 3-NP in
cerebral cortex could induce vascular leakage and it might trigger leukocyte infiltration into brain
parenchyma in time course of 1-2 weeks.

To summarize, our longitudinal imaging of the 3-NP induced neuroinflammationmodel revealed
that the meninges and the cerebral cortex in brain showed temporally different inflammatory
responses. Nevertheless, further investigation is needed to answer whether the acute inflammatory
response observed in the meninges by 3-NP is related to the later inflammatory response observed
in the cerebral cortex or are they independent processes from each other induced by 3-NP.
In addition, brain vessels are characterized by a neurovascular unit (NVU) comprising brain
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endothelial cells, pericytes, glia, and neurons, which controls the permeability of the BBB tightly
regulating the transport of circulating molecules into the brain parenchyma [8,44]. It would be
important to observe the cellular- and molecular-level changes in the NVU that occur with the
disruption of the BBB induced by 3-NP to further improve our mechanistic understanding about
vascular alteration related with neuroinflammation [8,45].

5. Conclusion

In this work, we established a chronic neuroinflammation mouse model induced by 3-NP.
Using a custom-built intravital laser-scanning confocal microscope system with chronic brain
imaging window techniques, we achieved a longitudinal cellular-level in vivo visualization of
neuroinflammatory responses in the brain of transgenic LysM-GFP mice from the onset of
neuroinflammation by 3-NP injection up to 1 month. In the meninges, numerous LysM+ cells
actively infiltrated into the meningeal parenchyma in 1 day. Repeated imaging of the same
brain area revealed an active rearrangement of the infiltrated LysM+ cells from day 4 to day
10 with dynamic behaviors such as intravascular crawling and meandering in the parenchyma.
Interestingly, in the cerebral cortex, vascular leakage with BBB disruption was observed from 2
weeks after the 3-NP injection. Longitudinal imaging of the same area revealed that the functional
impairment of the BBB persisted to 3 weeks and finally resulted in severe inflammation with
massive infiltration of LysM+ cells and leukocytes at 1 month. It showed the in vivo progression
of the BBB dysfunction to neuroinflammation during the time frame of day 14 to day 30 after
3-NP injection. To summarize, these results demonstrate that longitudinal intravital imaging
of the 3-NP neuroinflammation model can be a useful approach to further investigate unknown
underlying cellular mechanisms related BBB dysfunction and neuroinflammation potentially in
neurodegenerative diseases in vivo.
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